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(54) Optical etoment and optical device having it 

(57) An optical element has a first fluid and an eiec- 
troconductlve or polar, second fluid immiscible witli 
each other, which are confined in a sealed space cre- 
ated between a first support and a second support. The 
first fluid and the second fluid have respective light 
transmittancas different from each other. By vaiying a 


voltage applied to the second fluid, the shape of an 
Interface between the first fluid and the second fluid is 
altered, so as to change an amount of light passing 
through the optk:al element. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention relates to an optical 
element making use of the electrowetting phenomenon 
and, more particularly, to an optical element such as an 
optical filter capable of varying an amount of transmitted 
light, an optical switch capable of altering an optical 
path (traveling direction) of incident light, or the Mke. 

Related Background Art 

[0002] The electrowetting phenomenon (also called 
electrocapillarity) is conventionally known as a phenom- 
enon in which interfacial tension varies with applicaiion 
of a voltage to a liquid to cause migration or deformation 
of an interface. This electrowetting phenomenon will be 
described referring to Figs. 22A and 22B. 
[0003] Id Rgs. 22A and 22B, reference numeral 501 
designates a sut>strate electrode, 502 an Insulating 
layer formed on the substrate electrode 501, and 503 an 
electroconductive liquid droplet. Fig. 22A shows a state 
in which no voltage is placed between the substrate 
electrode 501 and the droplet 503 (V = 0). When a volt- 
age (V = V(j) is placed beh/veen the substrate electrode 
501 and the droplet 503, as illustrated in Fig. 22B, a kind 
of capacitor is fonned to accumulate electrostatic 
energy. This electrostatb energy changes the balance 
of surface tension of the droplet 503, whereby the shape 
of the droplet 503 varies from the state of Rg. 22A with- 
out application of the voltage. 

[0004] The electrowetting phenomenon described 
is utilized in the varifocal lens disclosed in W099/1 8456 
and in the electrocapillary display sheet disclosed in 
Japanese Patent Application Laid-Open No. 9-31 1 643. 
There is, however, no known example of application to 
the other optical elements, for example, the optical ele- 
ments such as the optical filter capable of varying the 
amount of transmitted light, the optica] switch capable of 
altering the optical jiath (traveling direction) of incident 
light, and so on. 

SUMMARY OF THE INVENTION 

[0005] An object of the present Invention is to pro- 
vide an optical element wHh a function making use of 
the electrowetting phenomenon, which has never been 
l(nown heretofore, and, particularly, to provide an optical 
element such as an optical filter capable of varying the 
amount of transmitted light, an optical switch capable of 
altering the optical path (traveling drectlon) of incident 
light, or the like. 

[0006] In an embodiment of the present invention 
for accomplishing the above object, an optical element 
is one suitably applicable, for example, to a variable ND 


filter, an apodization filter, a filter for correction for reduc- 
tion of marginal light amount, and so on, which com- 
prises a first support, a second support, a first fluid, and 
an electroconductive or polar, second fluid having an 

5 optical transmittance different from that of the first fluid, 
said first and second fluids being confined in a sealed 
space created between the first support and the second 
support, said first and second Hulds being immiscible 
with each other, wherein by varying a voltage applied to 

10 the second fluid, the shape of an interface between the 
first fluid and the second fluid is altered, so as to change 
an amount of light passing through the optical elennent. 
[0007] In another embodiment of the present inven- 
tion an optical element is one suitably applicable, for 

»5 example, to an optical switch capable of altering the 
optical path (traveling direction) of incident light or the 
like, which comprises a first support, a second support, 
a first fluid, and an electroconductive or polar, second 
fluid, said first and second fluids being confined in a 

20 sealed space created between the first support and the 
second support, said first and second fluids being 
immiscible with each other, wherein by varying a voltage 
applied to the second fluid, the shape of ari interface 
between the first fluid and the second fluid is altered, so 

25 as to change an optical path of incident light entering 
the optical element. 

BRIEF DESCRIPTION OF THE DRAWINGS 
30 [0008] 

Rg. 1 is a cross-sectional view of an optical ele- 
ment of Embodiment 1 ; 

Fig. 2 is a diagram to explain the operation with 
35 application of the voltage to the optical element of 
Embodiment 1 ; 

Fig. 3A, Fig. 3B, and Fig. 30 are detailed diagrams 
to explain the operation of the optical element of 
Embodiment 1; 

40 Fig. 4 is a diagram to explain the transmittance of 
the optical element of Embodiment 1; 
Rg. 5 Is a diagram to show the structure of a photo- 
graphing device incorporating the optical el^ent 
of Embodiment 1 ; 

45 Fig. 6 is a control flowchart of the photographing 
device incorporating the opticat elemerrt of Embod- 
iment 1; 

Rg. 7A, Rg. 78, and Rg. 7C are detailed diagrams 
to explain the opei^tlon of an optical element of 

50 Embodiment 2: 

Rg. 8 is a diagram to explain the transmittance dis- 
tribution of the optical element of Embodiment 2; 
Rg. 9 is a diagram to show the structure of a photo- 
graphing device incorporating the optical element 

55 of Embodiment 2; 

Fig. 10 is a control flowchart of the photographing 
device incorporating the optical element of Embod- 
iment 2; 
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Fig. 11 A and Fig. 11B are detailed diagrams to 
explain the operation of an optical eierheht of 
Embodiment 3; 

Fig. 1 2 is a diagram to explain the transmittance of 
the optical element of Embodiment 3; 
Fig. 13 is a diagram to show the structure of a pho- 
tographing device incorporating the optical element 
of Embodiment 3; 

Fig. 14 Is a control flowchart of the photographing 
device incorporating the optical element of Embod- 
iment 3; 

Fig. 15A, Fig. 15B, and Fig. 15C are detailed.dia- 
grams to explain the operation of an optical element 
of Embodiment 4; 

Fig. 16 is a diagram to explain the transmittance 
distribution of the optical element of Embodiment 4; 
Fig. 1 7 is a diagram to show the structure of a pho- 
tographing device incorporating the optical element 
of Embodiment 4; 

Fig. 1 8 is a control flowchart of the photographing 
device Incorporating the optical element of Embod- 
iment 4; 

Fig. 19A and Rg. 19B are cross-sectionai views of 

an optical switch In Embodiment 5; 

Fig. 20A, Fig. 20B, and Fig. 20C are cnjss-sectional 

views of an optical switch in Embodiment 6; 

Fig. 21 A and Fig. 21 B are cross-sectional views of 

an optical switch in Embodiment 7; and 

Fig. 22A and Fig. 228 are diagrams to show 

change of the draplet between before and after the 

application of voltage, for expiatnlng the electrowet- 

tlng phenomenon. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0009] First, embodiments of the optical filter capa- 
ble of varying the amount of transmitted light will be 
described. It is, however, noted that the present inven- 
tion is by no means intended to be limited to only these 
embodiments. 

[Embodiment 1] 

[00101 Fig. 1 to Fig. 5 are drawings tor explaining 
the optical element according to Embodiment 1 of the 
present invention. 

[0011] Fig. 1 Is a cross-sectional view to show the 
stmcture of the optical element in Embodiment 1 of the 
present Invention. 

[0012] The structure of the optical element and a 
production method thereof in the present embodiment 
will be described below refen'ing to Fig. 1 . 
[0013] Numeral 101 designates the whole of the 
optical element of the present inverrtion and 102 a trans- 
parent substrate of transparent acrylic resin having a 
recess In the center. 

[0014] A transparent electrode of indium tin oxide 
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(ITO) 1 03 is formed t)y sputtering on the upper surface 
of the transparent substrate 102, and an insulating layer 
1 04 of transparent acrylic resin is formed in contact with 
the upper surface of the electrode 1 03. 

5 [0015] The Insulating layer 104 is formed by drop- 
ping the replica resin Into the center of the transparent 
electrode 103, pressing a glass sheet thereonto to 
smooth the surface, and thereafter exposing the resin to 
UV light to cure it. A cylindrical vessel 1 05 with a shield- 

10 Ing property is bonded and fixed to the upper surface of 
the insulating layer 1 04, a cover sheet 1 06 of transpar- 
ent acrylic resin is bonded and fixed to the upper sur- 
face of the vessel 105, and a stop sheet 107 having an 
aperture of the diameter D3 in the central part Is further 

15 placed on the upper surface of the cover sheet 1 06. 
[0016] In the above structure, a housing is formed 
with a sealed space or liquid chamber of a predeter- 
mined volume surrounded by the insulating layer 104, 
vessel 105, and upper cover 106. 

20 [0017] The wall surfaces of the liquid chamber are 
treated by a surface treatment described below. 
[0018] Rrst, a water-repellent agent is delivered 
into the range of the diameter D1 on the central area of 
the upper surface of the Insulating layer 1 04 to form a 

25 water-repellent film 111 thereon. The water-repellent 
agent Is preferably one selected from fluorine com- 
pounds and the like. A hydrophitic agent is also deliv- 
ered Into the range outside the diameter D1 on the 
upper surface of the Insulating layer 104 to form a 

30 hydrophilic film 11 2 thereon. 

[0019] The hydrophilic agent is preferably one 
selected from surfactants, hydrophllto polymers, and so 
on. On the other hand, the lower surface of the cover 
sheet 106 is treated by a hydrophilic treatment within 

35 the range of the diameter D2, to form a hydrophilic film 
1 13 having the property similar to that of the hydrophilic 
film 1 1 2. All the components described heretofore have 
the rotatlonally symmetric shape with respect to the 
optical axis 123. Further, a hole is made In part of the 

40 vessel 105 and a rodlike electrode 125 Is inserted into 
the hole. Then the hole is sealed with an adhesive to 
maintain the hennetic sealing of the liquid chamber. A 
power supply 126 Is connected to the transparent elec- 
trode 103 and to the rodlike electrode 125, whereby a 

45 predetermined voltage can be placed between the two 
electrodes according to control of switch 127. 
[0020] Two types of liquids described below are 
charged Into the liquid chamber of the above structure. 
Rrst, a predetermined amount of the first liquid 121 is 

SO dropped onto the water-repellent film 1 1 1 on the insulat- 
ing layer 104. The first liquid 121 is silicone oil which Is 
colorless and transparent and which has the specific 
gravity of 0.85 and the refractive index of 1 .38 at room 
temperature. 

55 [0021] On the other hand, the second liquid 122 is 
charged into the rest space in the liquid chamber. 
[0022] The second liquid 122 is an electroconduc- 
tve electrolyte which is made by mixing water and ethyl 
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alcohol at a predetermined ratio and further adding a 
predetermined amount of salt thereto and which has the 
specific gravity of 0.85 and the refractive Index of 1 .38 at 
room temperature. In addition, an achromatic, water- 
soluble dye, for example cailDon black or a titanium 
oxide base material, is further added to the second liq- 
uid 1 22. Namely, the first and second liquids selected 
are the liquids which are immiscible with each other and 
which have the substantially equal specific gravities and 
refractive indexes, but have different ray absorptive 
powers. Therefore, the two liquids fonm an interfiaoe 124 
and do not Intermix, so that the liquids exist Independ- 
ent of each other. 

[0023] Next, the shape of the interface will be 
described. 

[0024] First, when no voltage is applied to the sec- 
ond liquid, the shape of the interface 124 is detemiined 
by the interfacial tension between the two nquids, the 
Interfaclal tension between the first liquid and the water- 
repellentfilm ill or the hydrophilic film 112on the insu- 
lating layer 104, the interfadai tension between the sec- 
ond liquid and the water-repellent film 111 or the 
hydrophilic film 1 12 on the insulating layer 1 04, and the 
volume of the first liquid. 

[0025] In the present embodiment, the materials 
are selected so as to mal<e the interfacial tension rela- 
tively smaller between the silicone oil being the material 
of the first liquid 121, and the water-repellent film 111. 
[0026] Namely, since wettability is high between the 
two materials, the outer edge of the lens-shaped droplet 
of the first liquid 121 tends to expand and becomes sta- 
bilized when the outer edge coincides with the coating 
area of the water-repellent film 11 1 . In other words, the 
diameter A1 of the bottom surface of the droplet of the 
first liquid is equal to the diameter D1 of the water-repel- 
lent film 111. 

[0027] On the other hand, since the specific gravi- 
ties of the two liquids are equal as described previously, 
the gravity does not act. Therefore, the Interface 124 
becomes spherical and the radius o1 curvature and the 
height hi thereof are detennined by the volume of the 
first liquid 121. 

[0028] The thickness of the second liquid is tl on 
the optical axis, On the other hand, when the switch 127 
Is brought to the closed position to apply the voltage to 
the second liquid 122, the electrocaplllarlty decreases 
the interfacial tension between the second liquid 122 
and the hydrophilic film 112, so that the second liquid 
moves over the border between the hydrophilic film 112 
and the water-repellent film 111 into the area of the 
water-repellent film 1 1 1 . 

[0029] As a result, as illustrated in Fig. 2, the diam- 
eter of the bottom surface of the droplet of the first liquid 
121 decreases from A1 to A2 and the height thereof 
increases from h1 to h2. 

[0030] The thickness of the second liquid 122 
becomes t2 on the optical axis. As described, the bal- 
ance of interfacial tension between the two types of liq- 


uids varies depending upon the application of voltage to 
the second liquid 122, so as to alter the shape of the 
interlace between the two liquids. 
[0031] The first liquid 121 Is substantially transpar- 

5 ent, whereas the second liquid 122 has the predeter- 
mined ray absorptive power because of the light- 
absofblng material added thereto. Therefore, when light 
is incident through the aperture of the stop plate 107, 
the light is absorbed by amounts according to optical 

10 path lengths where the light travels through the second 
liquid 122. This decreases the intensity of the light 
emerging from the transparent substrate 1 02. Namely, a 
decrease rate of light intens'ly is proportional to the 
thickness of the second liquid on the optical axis (tl of 

15 Fig. 1 or t2 of Fig. 2). This substantiates the optical ele- 
ment capable of freely varying the transmitted light 
amount by altering the shape of the interface 124 
according to the voltage control of the power supply 
126. Since the refractive indexes of the first and second 

20 lk)uids are substantially equal to each other, the incident 
light is modified only in the intensity of emerging ight, 
without changing the direction thereof. 
[0032] Next, the operation of the above optical ele- 
ment used as a variable ND filter will be described in fur- 

25 ther detail, based on Figs. 3Ato 3C. 

[0033] Fig. 3A shows a situation in which the output 
voltage of the power supply 1 26 connected to the optical 
element 101 is VI equal or close to zero. 
[0034] The shape of the interface 124 at this time is 

30 the same as Illustrated in Fig. 1 , the diameter of the bot- 
tom surface of the lens formed of the first liquid 121 is 
A1 , and the height thereof Is hi . 
[0035] The thickness on the optical axis of the sec- 
ond Iquld is t1. L|M represents light coming from above 

35 the optical element 101 and entering the aperture of the 
stop 1 07, and Lqut light emerging from the optical ele- 
ment 101. 

[0036] A ratio of the light Lquj to L(n is the transmlt- 
tance of the optical element 101, and the transmittance 

40 at this time is tow, because the thtekness tl on the opti- 
cal axis of the second liquid is large. 
[0037] The light amount distribution of the output 
light l-oucr demonstrates decrease in the light amount 
with increase in the distance from the optical axis, i.e., 

45 with increase in the incident height, but the light amount 
distribution of the output light Lqut regarded as 

almost unifomn, because the aperture diameter D3 of 
the stop 1 07 is smaller than the diameter Al of the bot- 
tom surface of the droplet formed of the first liquid 121 . 

50 Namely, optical path lengths of respective rays passing 
through the aperture of the stop 107 and then through 
the first liquid 121 and the second liquid 122 are approx- 
imately (substantially) equal, independent of the posi- 
tions where the rays pass In the aperture. 

55 [0038] Fig. 3B shows a situation in which the output 
voltage of the power supply 126 is V2 greater than VI. 
At this X\ms, the diameter of the bottom surfece of the 
droplet of the first liquid 1 21 is A2 and the height is h2. 
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[0039] The thickness on the optical axis of the sec- 
ond liquid 122 is t2 smallerthan t1 of Fig. 3A. The trans- 
mittance of light Is thus greater than that in the case of 

Fig. 3A. 

[OMO] Fig. 3C shows a situation in which the oirtput 
voltage of the power supply 126 is V3 further greater 
than V2. At this time, the diameter of the bottonn surface 
of the droplet of the first liquid 121 is reduced to A3 and 
the top of the interface 1 24 becomes flat in contact with 
the hydrophilicfilm 113 formed on the bottom surface of 
the cover sheet 106. 

[0041] Then the dianneter of this flat part is equal to 
or larger than the diameter D3 of the aperture of the 
stop 107. As a result, the thickness on the optbal axis of 
the second liquid 122 is zero and thus the transmittance 
is further greater than In the case of Fig. 3B. 
[0042] With further increase in the output voltage of 
the power supply 126 thereafter, there appears no 
change in the shape of the interface 124 inside the 
aperture of the stop 107. Therefore, the transmittance is 
kept constant where the optical element is used as a 
variable ND filter. The transmittance at this time Is 
expressed by the product of the transnnltlances of the 
transparent substrate 102, transparent electrode 103, 
insulating layer 104, water-repellent film 111, first liquid 
121, tiydrophilicfilm 113, and cover sheet 106. 
[0043] When the applied voltage of the power sup- 
ply 1 26 is switched from the state of Fig. 3C back to V1 , 
the Interfaclal tension between the two liquids returns to 
the initial value. At this time, the wettability Is good 
between the second liquid 122 and ttie hydrophlNc film 
1 13, while the wettability Is poor between tfie first liquid 
1 21 and the hydrophllic film 1 1 3. Therefore, the first liq- 
uid 121 moves away from the hydrophilicfilm 113 back 
to the state of Fig. 3A. Namely, the shape alteration of 
the interface 124 of the optical element is reversible 
against the variation of applied voltage, 
[0044] Fig. 4 shows the relationship of ray transmit- 
tance of the optical element 101 against voltage applied 
to the optical element 101. By 'transmittance" in Fig. 4 
is here meant the "average value of transmittance" of 
the entire area within the diameter D3. The transmit- 
tance continuously increases with increase In the 
applied voltage and the variation of transmittance 
becomes saturated when the applied voltage arrives at 
V3. 

[0045] Fig. 5 showre an applkation example of the 
optical element 101 to the photographing apparatus. 
[0046] In the present embodiment, the photograph- 
ing device 141 will be described as an example of a so- 
called digital still camera constructed to photoelectrl- 
cally convert a still image to electrical signals by image 
PKkup means and record them as dig'rtal data. 
[0047] Numeral 1 30 denotes a photographing opti- 
cal system consisting of a plurality of lens units, which 
are a first lens unit 131 , a second lens unit 132, and a 
third lens unit 133. 

[0048] The focus is adjusted by moving the first lens 


unit 131 back and forth in the optical-axis directions. 
[0049] Zooming is effected by moving the second 
iens unit 132 back and forth in the optical-axis direc- 
tions. 

5 [0050] The third lens unit 133 Is a relay lens unit 
which is fixed. 

[0051] The optcal element 101 is disposed 
between the second lens unit 1 32 and the third lens unit 
133. 

10 [0052] The Image pickup means 134 is placed at 
the focal-point position fintended image plane) of the 
photographing optical system 130. This means is a pho- 
toelectric conversion means such as a two-dimensional 
CCD sensor or the like consisting of a plurality of photo- 

15 electric conversion portions for converting optical 
energy of incident light into charge, charge storage por- 
tions for storing the charge, and a charge transfer sec- 
tion for accepting the charge transferred thereto and 
transmitting the charge to the outside. 

20 [0053] Numeral 142 represents a central process- 
ing unit (hereinafter refen-ed to as CPU) for controlling 
the operalJon of the entire photographing device, which 
is a one-chip microcomputer having the ROM, RAM, 
EEPHOM, A/D conversion function, and D/A conversion 

25 function. Numeral 143 indicates a power source fbrsup- 
plying power to the CPU 142 and to varuus circuits and 
actuators In the photographing device. 
[0054] Numeral 144 denotes a power supply means 
for applying the voltage to the optical element 101, 

30 wliich con-espond to the power supply 1 26 of Fig. 1 . The 
power supply means 144 outputs a desired voltage 
aixording to a control agnal fi^m the CPU 142. 
[0055] Numeral 145 designates an image signal 
processing circuit which perfoms A/D conversion of 

35 analog image signals supplied from the photoelectric 
conversion means 134 and then performs image 
processing thereof, such as the AGC control, white bal- 
ance, Ycorrection, edge enhancement, and so on. 
[0056] Numeral 151 denotes a monitor such as a 

40 liquid crystal display orthe like, which displays an object 
Image acquired by the photoelectric conversion means 
134 and the operation circumstances of tlie photo- 
gaphlng devtee. 

[0057] Numeral 152 represents control switches, 
45 which include a main switch for activating the CPU 142 
from a sleep state to a program execution state, a pho- 
tograph preparation switch, a photograph start switch, a 
photograph condition setting switch for setting of shutter 
speed or the like, and so on. 
50 [0058] Numeral 153 denotes a zoom dnver which 
consists of an actuator and a driver circuit for moving 
the second lens unit 132 back and forth in the optical- 
axis directions and whch performs the zooming opera- 
tion according to photographer's manipulation on a 
55 zoom switch to vary the focal length of the photograph- 
ing optical system 130. Numeral 154 represents a focus 
detector which is preferably a phase difference detec- 
tion type focus detecting means orthe like used In sin- 
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gle-lens reflex cameras. 

[0059] Numeral 155 Indicates a focusing driver 
which consists of an actuator and a driver circuit for 
moving the first lens unit 131 back and forth in the opti- 
cal-axis directions and which performs the focusing 
operation based on a focus signal computed by the 
focus detector 154 to adjust the focus condition of the 
photographing optical system 130. 
[0060] Numeral 156 stands for a nnenriory, which 
saves Image signals of taken Images. Specifically, the 
memory 156 is preferably a detachable PC card type 
flash memory or the like. 

[0061] Next, the action of the optical element 1 01 in 
the present embodiment will be described below. 
[0062] The dynamic range of luminance of objects 
existing in nature is very wide and, In order to set It in a 
predetermined range, it is common practice to provide 
the photographing optical system with a mechanical 
stop mechanism Inside and ad|ustthe amount of photo- 
graph light. 

[0063] However, it is hard to make the size of the 
mechannai stop mechanism smaller and the resolving 
power of object image Is degraded by diffraction of light 
at the edge of stop wings in a small stop state where the 
stop aperture is small. 

[0064] When the optical element 101 is used as a 
variable ND filter replacing the above mechanical stop 
mechanism as in the present embodiment, the amount 
of light passing through the photographing optical sys- 
tem can be adjusted in a proper range, without experi- 
encing the above drawbacks. 

[0065] Fig. 8 is a control flowchart of the CPU 1 42 
wtiich the photographing device ui illustrated In Fig. 5 
has. The control flow of the photographing device 141 
will be described below referring to Fig. 5 and Fig. 6. 
[00661 Through step SI 01, the CPU goes to step 
SI 02 to determine whether the photographer switches 
the main switch on. The CPU stays at step SI 02 as long 
as (he main switch is off. 

[0067] Once it is determined in step SI 02 that the 
main switch becomes on, the CPU 142 leaves the sleep 
state to execute the processes In and after step S103. 
[0068] In step S103 the CPU accepts photograph- 
ing conditions set by the photographer. Specifically, the 
photographer sets an exposure control mode (shutter 
priority AE, program AE, etc.), an autofocus mode (one 
shot AF, continuous AF, etc.), a drive mode (single shot, 
continuous shots, etc.), an image quality mode (the 
number of recording pixels used, an image compres- 
sion rate selected, etc.) and so on tiy use of the monitor 
151 and the control switdies 152. 
[0069] In Step S104 the CPU detemnines whether 
the photographer switches the photograph preparation 
switch (denoted by SW1 in the flowchart) on. As tong as 
the photograph preparation switch is off, the CPU goes 
back to step Si 03 to accept the set photographing con- 
ditions repeatedly. Once it is determined In step Si 04 
that the photograph preparation switch becomes on, the 
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CPU leaves step SI 04 to execute the processes in and 
after step 8111. 

[0070] In step S1 11 the CPU drives the image 
pickup means 134 and signal processing circuit 145 to 

5 acquire a preview image. The preview image is an 
image which is acquired before photography in order to 
permit proper setting of the photographing conditions 
for a finally recorded image and permit the photogra- 
pher to capture the photographing composition. 

TO [0071] In step 8112 the CPU determines a light 
amount level of the preview Image acquired in step 
Sill. 

[0072] Specifically, the CPU calculates maximum, 
minimum, and average output signal levels of the image 
15 signals outputted from the image pickup means 1 34 and 
determines the amount d incident light to the image 
pickup means 134. 

[0073] In step 8113 the CPU detemnines whether 
the light amount level determined In step S1 12 above is 
proper. 

[0074] If it is judged as proper in this st^, the CPU 
moves to step S11 4. 

[0075] In step Si 14 the preview image acquired In 
step S1 1 1 is displayed on the monitor 151. 

25 [0076] Then the CPU goes to step S1 15 to detect 
the focus condition of the photographing optical system 
130 by use of the focusing detector 154. in next step 
Si 1 6 the CPU makes the focus driver 1 55 drive the first 
lens unit 131 back and forth in the optical-axis directions 

30 so as to perform the focusing operation. After that, the 
CPU proceeds to step Si 1 7 to determine whether the 
photograph switch (denoted by SW2 in the flowchart) 
becomes on. 

[0077] As long as the photograph switch is off, the 
35 CPU goes back to step S1 1 1 to repeatedly cany out the 
steps from the acquirement of preview image to the 

focusing. 

[0078] When it is determined in step 8113 on the 
other hand that the light amount level judged in step 

40 S1 12 above is not proper, the CPU jumps to step SI 21. 
[0079] In step S121 the CPU compares the actual 
light amount level with the proper light amount level and 
calculates the proper transmittance of the optical ele- 
ment 101 in the photographing optical system 130. 

45 [0080] In step S122 the CPU calculates the control 
voltage for achieving the proper transmlttance calcu- 
lated in step SI 21 above. Specifically, since the ROM of 
the CPU 142 stores a look-up table indicating the rela- 
tion of transmlttance against applied voltage illustrated 

50 in Fig. 4, the CPU references the table to determine the 
applied voltage against the transmlttance calculated in 
step 8121. 

[0081] In step SI 23 the CPU controls the output 
voltage of the power supply means 144 so as to apply 
55 the voltage acquired in step SI 22 above to the optical 
element 101. After execution of step S123, the CPU 
returns to step S1 1 1 to repeatedly carry out the steps 
from the acquisition of preview knage to the power sup- 
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ply control before the level of incident light to the image 
pickup means 134 becomes proper. Once the level of 
incident light to the image pickup means 134 becomes 
proper, the CPU transfers from step Si 13 to step S1 14. 
[0082] When the photographer switches the photo- 
graph switch on during the repetitive execution of the 
photograph preparation operation as described above, 
the CPU jumps from step S117 to step Si 31. In step 
SI 31 the CPU performs the image pickup operation. 
Specifically, the object image formed on the image 
pickup means 134 Is photoelectrically converted to 
store the charge proportional to the Intensity of optical 
image in the charge storage section in the vicinity of 
each photoreceptive portion. In step SI 32. the charge 
stored in step SI 31 is read out through the charge 
transfer line and the analog signals thus read are sup- 
plied to the signal processing circuit 145. In step 8133, 
the signal processing circuit 145 performs the A/D con- 
version of the analog image signals accepted and the 
image processing including the AGC control, white bal- 
ance, Y correction, edge enhancement, and so on. Fur- 
ther, JPEG compression or the like Is effected according 
to an image compression program stored in the CPU 
142 If necessary. In step S134 the Image signals 
obtained in step 8133 above are stored In the memory 
156 and the photographing operation is complete in 
step SI 35. 

[0D83] As described above, Embodiment 1 realizes 
the optical element or the photographing device that can 
present the excellent effects in the following points. 

• It can provide the ND filter capable of continuously 
controlling the light transmittance to any desired 
value by controlling the applied voltage to the opti- 
cal element. 

• The use of the optical element instead of the 
mechanical stop mechanism of the photographing 
optical system permits disuse of the mechanical 
means such as the stop wings, stop aperture con- 
trol mechanism, etc. and also pennits continuous 
control of the level of incident light to the Image 
pickup means, thus permitting achievement of 
smaller size and higher perfbnnanoe of the photo- 
graphing apparatus. 

[Embodiment 2] 

[0084] In Embodiment 1 described above, the 
transmittance-variable opteal element was described 
as the example of the variable ND filter, whereas 
Embodiment 2 is an example of a transmittance-distri- 
bution-variable filter demonstrating a transmittance dis- 
tribution in which the transmittance gradually decreases 
with increase in the incident height (the distance from 
the optical axis) of the Incident light to the optical ele- 
ment and being capable of controlling the transmittance 
distribution to a desired profile by controlling the applied 
voltage to the optical element 


[0095]. Figs. 7A, 7B, and 70 to Rg. 10 are drawings 
for explaining Embodiment 2 of the present invention, 
and Figs. 7A to 70 are drawings for detailing the opera- 
tion where the optical element of the present embodi- 
5 ment is used as a transmittance-distribution-varlable 
filter. 

[0086] In the present embodiment, the diameter D4 
of the aperture of the stop plate 207 In the optical ele- 
ment 201 Is set to be greater than the diameter D3 of 

10 the aperture of the stop plate 1 07 in Embodiment 1 and 
the other members In the present embodiment all have 
the same functions and dimensions as in Embodiment 
1. Therefore, the same portions will be denoted by the 
same reference numerals and redundant description 

IS will be avoided. 

[0087] Fig. 7A shows a situation in which the output 
voltage of the power supply 1 26 connected to the optical 
element 201 Is VI equal to or close to zero. 
[0088] The shape of the interface 1 24 at this time is 

20 the same as m Rg. 3A, the diameter of the bottom sur- 
fiace of the droplet formed of the first liquid 121 is A1. 
and the height is h1. 

[0089] The thickness on the opteal axis of the sec- 
ond liquid 122 is t1. L[f^ represents the light coming from 
25 above the optical element 201 and entering the aper- 
ture of the stop 207, while Lqut the light emerging from 
the optical element 201 . 

[0090] Since the present embodiment has the 
structure in which the diameter A1 of the bottom surface 

30 of the droplet of the first liquid 121 is the same as in 
Erhbodlment 1 but the aperture diameter D4 of the stop 
207 is larger than the aperture diameter D3 in Embodi- 
ment 1 , the light amount distribution of the output light 
Lout 's not uniform and the amount of transmitted light 

35 considerably decreases with increase in the distance 
from the optical axis 123. 

[0091 1 Fig. 7B shows a situation in which the output 
voltage of the power supply 126 is V2 larger than Vi. At 
this time, the diameter of the bottom surface of the drop- 

40 let of the first liquid 121 is A2 and the height is h2. An 
average of transmitted light amount is larger than in Fig. 
7A and the nonunilbrmlty of transmitted light amount 
becomes more prominent. Rg. 7C shows a situation in 
which the output voltage of the power supply 126 is V3 

45 further greater than V2. 

[0092] At this time, the diameter of the bottom sur- 
face of the droplet of the first liquid 121 is decreased to 
A3, and the top of the interface 1 24 becomes flat In con- 
tact with the hydrophlllc film 1 13 fomned on the bottom 

so surfiace of the cover sheet 106. 

[0093] The diameter of this flat part is smaller than 
the diameter D4 of the aperture of the stop 207. As a 
result, the tiansmittance becomes unlft}rm in the region 
inside the flat part, but it gradually decreases according 

55 to the distance from the optical axis in the outside 
region. The transmittance at the Incident height of zero 
at this time Is expressed by the product of the transmit- 
tances of the transparent substrate 102, transparent 
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electrode 103, insulating layer 104, water-repellent film 
111, first liquid 121, hydrophilic film 113, and cover 
sheet 1 06. 

[0094] Fig. 8 is a diagram to show the relationship 
of transmittance distribution against incident height (the 
distance from the optical axis 123) of the incident lightto 
the optical element 201 .using the parameter of ttie volt- 
age applied from the power supply 126 to the optical 
element 201. 

[0095] With Increase In the applied voltage, the 
average transmittance Increases and absolute values of 
gradients also increase on the transmittance curve in 
which the transmittance gradually decreases with 
increase in the incident height. 
[0096] Fig. 9 Shows an application example of the 
optical element 201 to the photographing apparatus. In 
the present embodiment, the photographing device 241 
Will be described as an example of the so-called ellver- 
halide film camera for projecting a still Image orrto a sll- 
ver-hallde film. 

[0097] Numeral 230 designates the photographing 
optical system consisting of a plurality of lens units, 
which are a first lens unit 231 , a second lens unit 232, 
and a third lens unit 233, the function of each of which is 
the same as that of each lens unit 131, 132, or 133 In 
the photographing device 141 in Embodiment 1 of Rg. 
5. 

[0098] The optical element 201 is placed between 
the second lens unit 232 and the third lens unit 233 and 
a mechanical stop mechanism 234 incorporating a 
stepping motor as a driving source is disposed behind 
the optical element 201 . TTie silver film 236 is located at 
the focal point of the photographing optical system 230 
and a focal-plane shutter 235 is placed immediately 
before it. 

[0099] Numeral 242 represents the CPU for control- 
ling the operation of the entire photographing device, 
which is a one-chip microcomputer having the ROM, 
RAM, EEPBOM, andA/D and D/A conversion functions. 
The power source 1 43 and the power supply means 1 44 
are the same as In Embodiment 1 and thus denoted by 
the same reference numerals. Numeral 246 indicates a 
mechanical charger which consists of a mechanism for 
charging an actuation spring of the aforementioned 
focal-plane shutter 23S and a rewinding mechanism for 
winding up the film 236. Numeral 246 designates an 
optical finder system for forming an image for observa- 
tion of object, which Is composed of a focusing screen, 
a pentagonal roof prism, and an eyepiece. 
[0100] Numeral 247 denotes a quick return m\mt 
disposed between the third lens unit 233 and the fbcaJ- 
plane shutter 235, which is composed of a movable mir- 
ror for switching of light between the path to the film 236 
and the path to the finder optical system 246, and an 
actuator for actuating the mirror. 
[0101] Numeral 251 represents the monitorsuch as 
the liquid crystal displaiy or the like, which displays the 
operation circumstances of the photographing device. 


Numeral 252 indicates the control switches, which 
include the main switch for activating the CPU 242 from 
the sleep state to the program execution state, the pho- 
tograph preparation switch, the photograph start switch, 

5 the photograph condition setting switch for setting of 
shutter speed or the like, and so on. 
[0102] The apparatus of the present embodiment is 
different from Embodiment 1 1n that the apparatus of the 
present embodiment has an apodization effect input 

10 switch described hereinafter. 

(01 03] The zoom driver 1 53, the focus detector 1 54, 
and the focusing driver 155 have the same functions as 
those in Embodiment 1 and thus are denoted by the 
same reference symbols. 

15 [0104] Numeral 256 denotes a photometry means, 
which is comprised of a photometry sensor disposed in 
the middle of the finder optteal system 246 and an out- 
put amplifier fw amplifying output of the sensor. 
[0105] Next, the action of the optical element 201 in 

20 the present embodiment will be described below. 

(10106] When an object with some deptti is imaged 
on the film 236 by the photographing optical System 
230, the object image in focus can be represented by an 
assembly of point images, but the object Image out of 

25 focus, so called an out-focus image, is an assembly of 
blurred images having finite diameters. 
[0107] When the photographing optical system is 
an aplanatic lens system, the blun-ed images are circu- 
lar images with uniform illuminance. 

30 [0108] However, the practk^l lenses have various 
aberrattons and consequently disturb the blurred 
images, for example, like a lens presenting a dirty blur 
effect as called off -axis aberration. 
[0109] It is thus contemplated, as disclosed in Jap- 
as anese Patent Application Laid-Open No. 9-236740, that 
an optical element, called an apodization filter the trans- 
mittance of which gradually decreases with increase in 
the incident height, is placed nearthe stop of the photo- 
graphing optical system, so as to obtain a natural 

40 blurred image without incompatibility. The present 
embodiment accomplishes the function of the apodiza- 
tion filter by the optk:al element 201. 
[0110] Fig. 10 is a control flowchart of the CPU 242 
in the photographing device 241 ttlustrated In Fig. 9. 

45 [0111] The control flow of the photographing device 
241 will be described below refen-ing to Rg. 9 and Rg. 
10. 

[0112] Through step S201, the CPU goes to step 
S20i2 to detemnine whether the photographer switches 
50 the main switch on. While the main switch Is off, the 
CPU stays at step 8202. 

[0113] When it is determined in step S202 that the 
main switch becomes on, the CPU 242 leaves the sleep 
state to execute the processes in and after step S203. 
55 [0114] In step S203 the CPU accepts the photo- 
graphing conditions set by the photographer. Specifi- 
cally, the photographer sets the exposure control mode 
(shutter priority AE, program AE, etc.), the autofocus 
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mode (one shot AF, continuous AF, etc.), the drive mode 
(single shot, continuous shots, etc.) and so on by Lise of 
the monitor 251 and the control switches 252. 
[0115] In step S204 the CPU accepts selection of 
the apodization effect by the photographer. Specifically, s 
the photographer selects an apodization level by use of 
the monitor 251 and the apodization effect selection 
switch among the control switches 252. Speclically, one 
apodization level can be selected from the levels of '1" 
to "3". The apodization effect becomes more prominent 
as the level number Increases. 
[01 1 6] In step S205 the CPU calculates the applied 
voltage con^sponoTing to the apodization level selected 
in step S204 above. Specifically, when level 1 is 
selected, the applied voltage to the optical element 201 
is set to VI. Lil<ewise, the applied voltage is set to V2 
with selection of level 2 and to V3 with selection of level 
3. 

[0117] In step S206, the voltage set in step S205 
above is supplied from the power supply means 144 to 
the optical element 201 . As a result, when the photogra- 
pher selects the apodization level 1 , the transmittance 
distribution of the optical element 201 becomes the 
curve indicated by the applied voltage V = VI in Rg. 8. 
Similarly, the characteristics corresponding to the 
applied voltage V = V2 are obtained with selection of 
level 2, and the characteristics corresponding to the 
applied voitage V = V3 with selection of level 3. 
[0118] In step S207 It is determined whether the 
photographer switches the photograph preparation 
switch (indicated by SW1 in the flowchart) on. While the 
photograph preparation switch is cff, the CPU goes 
back to step S203 to repeatedly accept the setting of 
photographing conditions and the selection of apodiza- 
tion effect. When it is determined in step S207 that the 
photograph preparation switch becomes on, the CPU 
leaves step S207 to execute the processes in and after 
step S21 1 . 

[0119] In step S211 the luminance of object is 
detected by the photometry means 256. The shutter 
speed and aperture upon photography are calculated 
based on the object luminance detected and the pro- 
gram chart stored in the ROM. In step S213 the focus 
condition of the photographing optical system 230 is 
detected by the focus detector 154. In next step S214, 
the first lens unit 231 is moved back and forth in the opti- 
cal-axis directions by the focus driver 1 55 to perform the 
focusing operation. 

[0120] After that, the CPU goes to step S215 to 
detemnine whether the photograph switch (represented 
by SW2 in the flowchart) is switched on. While the pho- 
tograph switch is off, the CPU goes bacl( to step S21 1 to 
repeatedly carry out the steps from photometry to 
focusing. 

[0121] When the photographer switches the photo- 
graph switch on during the repetitive execution of the 
photograph preparation operation as described above, 
the CPU jumps from step S21 5 to step S231 . 


[0122] In step S231 the quicl« return mirror 247 is 
retracted out of the photograph light. 
[0123] In step S232 the stop 234 is controlled 
based on the aperture calculated in step S212. 
[0124] In step 8233 the focal-plane shutter 235 is 
actuated and controlled based on the shutterspeed cal- 
culated in stepS212. 

[0125] In step S234 the quick return mirror 247 Is 
returned into the photograph light and the stop 234 is 
also taken bacl< into the open state. 
[0126] In step S235 the charger 245 is actuated to 
charge the focal-plane shutter 235 into the initial state 
(wing-movable state) and the film 236 is wound up by 
one frame. Then the photographing operation is com- 
plete in step S236. 

[0127] Embodiment 2 described above can sub- 
stantiate the optical element or the photographing 
device that can present the excellent effects in the fol- 
lowing points. 

• The present embodiment can provide the transmit- 
tance-distribution-variable filter capable of achiev- 
ing the transmittance distribution in which the 
transmittance gradually decreases with increase in 
the incident height of the incident light to the optical 
element and capable of controlling the transmit- 
tance distribution to a desired profile by controlling 
the applied voltage to the optical element. 

♦ The present embodiment can provide the photo- 
graphing apparatus capable of optionally controlling 
the blur effect of the out-focus image (so-called the 
Uun^ image) by placing the optical element near 
the stop mechanism of the photographing optical 
system, and thus capable of obtaining a high-qual- 
ity image. 

[Embodiment 3] 

[0128] Embodiment 1 and Embodiment 2 described 
above were the examples of the filters constructed to 
continuously vary the transmittance, whereas Embodi- 
ment 3 shows an example of thetransmittance-variable 
optical element applied as an optical shutter con- 
structed to switch between a light-transmitting state and 
a light-intercepting state. 

[0129] Figs. 11A, 11B to Fig. 14 are drawings for 
explaining Embodiment 3 of the present invention and 
Figs. 1 1A and 1 1B are diagrams to detail the operation 
where the optical element is used as an optical shutter 
in the present embodiment 

[0130] In the present embodiment, the concentra- 
tion of the water-soluble dye dissolved in the second liq- 
uid 322 is greater than in Embodiment 1, so as to 
increase the lighl ^sorptlve power. The other members 
all have the same functions and same dimensions as in 
Embodiment 1. Therefore, the same portions will be 
denoted by the same numbers and redundant descrip- 
tion will be avoided. 
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[0131] Fig. 1 1A shows a situation in wliich ttie out- 
put power of the power supply means 1 26 connected to 
the optical element 301 is Vl equal to or close to zero. 
The shape of the interface 124 at this time is the same 
as in Fig. 3A, the diameter of the bottom surface of the 5 
droplet of the first liquid 121 is A1, and the height is hi . 
The thicltness on the optical axis of the second Rquid 
322 is t1 . Lifj represents the light conning from above the 
optical element 301 and entering the aperture of the 
stop 1 07. In the present embodiment, since the light ro 
absorptive power of the second liquid 322 Is very high, 
the amount of emerging light will become almost zero 
even if the thickness t1 on the optical axis of the second 
liquid 322 is considerably small. 

[0132] Fig. 1 1B shows a situation in which the out- 15 
put voltage of the power supply means 1 26 is the same 
as V3 of Fig. 3C. In this case, the diameter of the bottom 
surface of the droplet of the first liquid 121 is reduced to 
A3 and the top of the interface 124 becomes flat in con- 
tact with the hydrophilic film 1 1 3 formed on the bottom ao 
surface of the cover sheet 1 0a The diameter of this flat 
part is larger than the diameter D3 of the aperture of the 
stop plate 107. As a result, the transmlttance distribu- 
tion becomes unifonn inside the aperture diameter D3 
of the stop plate 1 07, With further increase in the output 2s 
voltage of the power supply means 126 thereafter, the 
shape of the interface 124 does not vary Inside the 
aperture of the stop plate 107 and thus the transmlt- 
tance is constant where the optical element is used as 
an optical shutter. The transmlttance at this time is 30 
expressed by the product of the transmtttances of the 
transparent substrate 102, transparent electrode 103, 
insulating layer 104, water-repellent film 111, first liquid 
121, hydrophilic film 113, and cover sheet 106. Since 
the transparent materials are selected for these mem- 35 
bers, the overall transmittance is high. I.e., the optical 
shutter presents its open state. 
[0133] Fig. 12 shows the relationship of llghttrans- 
mittance of the optical element 301 against applied volt- 
age to the optical element 301 . to 
[0134] The transmittance is approximately zero In 
the low range of applied voltage, the transmittance 
steeply increases with Increase of the applied voltage, 
and the transmittance becomes saturated at the applied 
voltage of V3. is 
[0135] Thus the optical element serves as an opti- 
cal shutter which intercepts the light in the state of very 
small applied voltage but transmits the light in the state 
of the applied voltage of V3, 

[01 36] Fig. 1 3 shows an application example of the so 
optical element 301 to the photographing apparatus. In 
the present embodiment the photographing device 341 
win be described as an example of the digital still cam- 
era similartothatin Embodiment 1. Numeral 330 desig- 
nates the photographing optical system consisting of a 55 
plurality of lens units, which are a first lens unit 331, a 
second lens unit 332, and a third lens unit 333 the func- 
tion of each of which is the same as each lens unit 131 , 
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132, or 133 in the photographing device of the first 
embodiment of Fig. 5. 

[0137] The optical element 301 is interposed 
between the second lens unit 332 and the third lens unit 
333 and the mechanical stop mechanism 334 using a 
stepping motor as a driving source is placed behind the 
optical element 301 . 

[0138] The structure of the other members is the 
same as in Embodiment 1 and the same members will 
be denoted by the same reference numerals while omit- 
ting the description thereof. 

[0139] In the present embodiment the mechanical 
stop mechanism 334 is used in addition to the optical 
element 301 as an optical shutter member and the rea- 
son thereof Is that the fine adjustment function of light 
amount of photographing light and the switching func- 
tion between transmission and interception of light are 
implemented by the separate memloers. 
[0140] Fig. 14 is a control flowchart of the CPU 342 
In the photographing device 341 Illustrated in Fig. 13. 
[0141] The control flow of the photographing device 
341 will be described below referring to Rg. 13 and Fig. 
14. 

[0142] Through step S301. the CPU goes to step 
S302 to detemnine whether the photographer switches 
the main switch on. While the main switch is off, the 
CPU stays at step S302. 

[0143] When it is determined in step S302 that the 
main switch becomes on, the CPU 342 leaves the sleep 
state to execute the processes in and after step S303. 
[0144] In step &303 the CPU accepts the photo- 
graphing conditions set by the photographer. Specifi- 
cally, the photx}grapher sets the exposure control mode 
(shutter priority AE, program AE, etc.), the autofocus 
mode (one shot AF continuous AF, etc.), the drive mode 
(single shot, continuous shots, etc.), the image quality 
mode (the number of recording pixels used, the image 
compression rate selected, etc.) and so on by use of the 
monitor 151 and the control switches 152. 
[0145] In step S304 it is determined whether the 
photographer switches the photograph preparation 
suritch (indicaled by SW1 in the flowchart) on. While the 
photograph preparation switch Is off, the CPU goes 
back to step S303 to accept the setting of the photo- 
graphing conditions repeatedly. When it is determined 
in step S304 that the photograph preparation switch 
becomes on, the CPU leaves step S304 to execute the 
processes in and after step S31 1 . 
[0146] In step S311, the output voltage of the power 
supply means 144 is controlled to V3 to apply the volt- 
age V3 to the optical element 301 . Then the transmit- 
tance of the optical element 301 becomes maximum, 
that Is, the optical switch goes into the open state, as 
explained with Fig. 1 2, so as to allow the photograph 
light to pass through the photographing optical system. 
In step S312 the image picltup means 134 and signal 
processing circuit 145 are actuated to capture the pre- 
view image. 
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[0147] In step S313 the CPU determines the light 
amount level of the preview image thus captured in step 
S312. Specifically, the CPU calculates maximum, mini- 
mum, and average output signal levels among the pixel 
Signals outputted from the image pickup means 31 4 and 5 
detennines the light amount 0I Incident light to the 
image pickup means 134. fn step S314 it is detennined 
wtiettierthe light amount level detennined in step S313 
above is proper. 

[0148] When It is deterniined In this step that the 10 
light amount level is proper, the GPU goes to step S315. 
[0149] In step S315 the preview image captured in 
step S3 12 is displayed on the monitor 151. In next step 
S316 the focus condition of the photographing optical 
system 330 is detected by the focus detector 154. is 
[0150] In next step S3 17, the CPU makes the focus 
driver 155 move the first lens unit 331 back and forth in 
the opticaJ-axIs directions to perform the focusing oper- 
ation, 

[0151] After that, the CPU goes to step S318 to so 
determine whether the photograph switch (indicated by 
SW2 in the flowchart) is switched on. While the photo- 
graph switch is off, the CPU returns to step S3 11 to 
repeatedly carry out the steps from the acquisition of 
preview image to the focusing. 25 
[0152] On the other hand, when it is determined in 
step S314 that the light amount level determined in step 
S313 above is not proper, the CPU jumps to step S321. 
In step 8321 the CPU compares the actual light amount 
level with the proper light amount level and increases or 30 
decreases the aperture diameter of the stop means 334 
in the photographing optical system 330. 
[0153] After execution of step 8321 , the CPU goes 
bacl< to step S31 2 to repeatedly carry out the steps from 
the acquisition of preview image to the stop aperture as 
control until the light amount level of the incident light to 
the image pickup means 134 becomes proper. 
[0154] Once the light amount level of the incident 
li^t to the image pidtup means 134 becomes proper, 
the CPU transfers from step S314 to step S315. 40 
[01 55] When the photographer switches the photo- 
graph switch on during the repetitive execution of the 
photograph preparation operation as descritted above, 
the CPU jumps from step S318 to step S331. 
[0156] In step S331 the Image pickup operation is 45 
carried out Specifioally, the object image focused on 
the image pickup means 134 is photoelectrtcally con- 
verted and the charge proportional to the intensity of the 
optical image is accumulated in the charge storage por- 
tion near each photoreceptlve portksn. In step S332 the so 
output voltage of the power supply means 144 is con- 
trolled to zero to cancel the application of the voltage to 
the optk:al element 301. 

[0157] Then the optical element 301 goes into the 
minimum state of transmittance, as described with Fig. ss 
12, so as to intercept the light traveling in the photo- 
graphing optical system. In step 8333 the charge stored 
in step 8331 Is read out through the charge transfer line 


and the analog signals read out are supplied to the sig- 
nal processing circuit 145. 

[0158] In general, detrimental noise will be likely to 
occur in the image signals if light enters the photorecep- 
tive portions during the transfer of the stored charge 
from the image pickup means. In the present embodi- 
ment the light is intercepted in step S332 above by the 
optical element 301 during the charge transfer, so that 
the detrimental noise can be prevented from occurring 
fn the image. 

[0159] In S334 the signal processing circuit 145 
performs the A/D conversion of the analog image sig- 
nals received and the image processing thereof such as 
the AGC control, white balance, y correction, edge 
enhancement, and so on. The signal processing circuit 
145 further performs the JPEG compression or the like 
according to the image compression program stored in 
the CPU 342 If naoeesary. 

[0160] In step 8335 the CPU stores the 'mage sig- 
nals obtained in step 8334 above into the memory 156 
and the photographing operation is complete In step 
S336. 

[0161] Embodiment 3 described above can realize 
the optical element or the photographing apparatus that 
can present the excellent effects in temis of the follow- 
ing points. 

• The present embodiment can provide the optical 
shutter capable of switching between the transmis- 
sion state and the interception state of light by con- 
trolling the applied voltage to the optical element. 

• Tlie use of the optical element instead of the 
mechancal shutter mechanism of the photograph- 
ing optical system pennnits disuse of the mechanical 
means such as the shutter wings, the shutter wing 
driving mechanism, and the like and also permits 
achievement of the smaller size of the photograph- 
ing apparatus. 

[Embodiment 4] 

[0162] Embodiment 2 described previously showed 
the application example as an apodization filter having 
the gradually decreasing transmittance with increase in 
the incident height of the incident light to the optical ele- 
ment, whereas Embodiment 4 demonstrates an exam- 
ple of application to a transmittance-distribution-variable 
filter capable of presenting the transmittance distrilsu- 
tion in which tiie transmittance gradually increases with 
increase in the incident height of the incident light to the 
optical element and capable of controlling the transmit- 
tance distribution to a desired profile by controlling the 
applied voltage to the optical element. 
[0163] Figs. 15A, 15B, and 150 to Fig. 18 are draw- 
ings for explaining Embodiment 4 of the present inven- 
tion and Figs. ISA to 15C are diagrams for detailing the 
operation where the optical element in the present 
embodiment is used as atransmittance-distraaution-var- 
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iable filter. 

[0164] The present embodiment is different from 
Embodiment 1 to Embodiment 3 in that the first liquid 
421 and the second liquid 422 in the optical element 
401 are different in their property from the liquids in the 
other embodiments. 

[0165] First, the second liquid 122 contained the 
water-soluble dye in Embcxliment 1 to Embodiment 3, 
whereas the second liquid 422 of the present embodi- 
ment does not contain the dye and is thus transparent. 
Further, the first liquid 121 was transparent In Embodi- 
ment 1 to Embodiment 3, whereas an oil-soluble dye Is 
added in a predetermined concentration to the first liq- 
uid 421 in the present embodiment. 
[0166] The dye is preferably one selected from 
chelate azo pigments and nitroso pigments. 
[0167] In general, such pigments are colored in 
blue, yellow, red, etc., and an achromatic pigment can 
be obtained by mixing some of them at a predetermined 
ratio. The other members ail have the same functions 
and dimensions as In Embodiment 1 to Embodiment 3. 
Therefore, the same portions will be denoted by the 
same numbers and redundant description will be 
avoided. 

[0168] The stop 207 has the same aperture diame- 
ter D4 as the stop 207 of Embodiment 2. 
[0169] Rg. 1 5A shows a situation in which the out- 
put voltage of the power supply means 126 connected 
to the optical element 401 is VI equal to or close to 
zero. The shape of the Interface 124 at this time Is the 
same as In Fig. 7A, the diameter of the bottom surface 
of the droplet of the first liquid 421 is A1, and the height 
is h 1 . The thickness on the optical axis of the second liq- 
jid 422 is t1 . L|M represents the light coming from above 
the optical element 401 and entering the aperture of the 
stop 207, and Lqjj the light emerging from the optical 
element 401 . 

[0170] Since the first liquid 421 exhibiting the lens 
shape has the predetermined light absorptive power in 
the present embodiment, the light amount distribution of 
the output light Lqut is not unlfonn, the light transmit- 
tance is minimum on the optical axis 1 23, and the trans- 
mitted light amount increases with Increase in the 
distance from the optical axis 123. 
[0171] Fig. 15B shows a situation in which the out- 
put voltage of the power supply means 126 is V2 greater 
than VI . At this time, the diameter of the bottom surface 
of the droplet of the first liquid 421 is A2 and the height 
is h2. The average transmitted light amount is smaller 
than in Fig. 15A and the nonunltormity of transmitted 
light emount also becomes more prominent. 
[0172] Rg. 15C shows a situation in which the out- 
put voltage of the power supply means 126 Is V3 further 
greaterthan V2. At this time, the diameter of the bottom 
surface of the droplet of the first liquid 421 is reduced to 
A3 and the lop of the interface 1 24 becomes flat in con- 
tact with the hydrophilic film 113 formed on the bottom 
surface of the cover sheet 1 06. 


39 450 A2 22 

[0173] The diameter of this flat part is smaller than 
the diameter D4 of the aperture of the stop 207. As a 
result, thetransmittance is uniform in the area inside the 
flat part and gradually increase with increase in the dis- 

5 tance from the optical axis in the outside area. The 
transmittance at the incident height of zero at this time 
is expressed by the product of the transmittances of the 
transparent substrate 1 02, transparent electrode 1 0S, 
insulating layer 1 04, water-repellent film 1 1 1 , first liquid 

TO 421, hydrophilic film 113, and cover sheet 1 06, and the 
light absorptive power of the first liquid 421 becomes 
dominant. 

[0174] Fig. 16 shows the relationship of transmit- 
tance distribution against incident height (distance from 
?5 the optical axis 123) of the incident light to the optical 
element 401 , using the parameter of the applied voltage 
from the power supply means 1 26 to the optical element 
401. 

[0175] With increase in the applied voltage, the 

20 average transmittance decreases and absolute values 
of gradients increase on the transmittance curves In 
which the transmittance gradually increases with 
increase In the incident height. 
[0176] Rg. 1 7 shows an application example of the 

25 optical element 401 to the photographing apparatus. In 
the present embodiment, the photographing device 441 
will be described as an example of the so-called silver- 
salt still camera for recording a still image in a silver film, 
as in Embodiment 2. 

30 [0177] Numeral 430 designates the photographing 
optical system consisting of a plurality of lens units, 
which are a first lens unit 431 , a second lens unit 432, 
and a third lens unit 433, each lens having the same 
function but different povrer from each lens unit 231, 

35 232, or 233 in the photographing device 241 in Embod- 
iment 2 of Fig. 9. 

[0178] The mechanical stop mechanism 434 using 
the stepping motor as a driving source is Interposed 
between the second lens unit 432 and the third lens unit 

40 433, and the optical element 401 Is placed behind the 
third lens unit 433. The silver film 236 Is disposed at the 
position of the focal point of the photographing optical 
system 430 and the focal-plane shutter 235 Is placed 
immediately t»efore the silver filn\ The other structure is 

45 the same as In the photographing device 241 of Embod- 
iment 2 and the description thereof is omitted herein. 
[01 79] Next, the action of the optical element 401 In 
the present embodiment will be described. The illumi- 
nance of the object image formed on the film 236 by the 

50 photographing optical system 430 demonstrates the so- 
called marginal light amount decrease phenomenon In 
which the illuminance is high In the center and 
decreases with the distance from the center. Amounts 
of the decrease in the marginal light amount at this time 

57 are substantially uniquely determined by the zoom con- 
dition and stop condition of the photographing optical 
system. On the other hand, the transmittance distribu- 
tion against the Incident height of the optical element 
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401 is uniquely determined by the applied yD|tage. as 
described referring to Fig. 1 6. 
[0180] Therefore, the marginal liglit amount 
decrease of the image on the film surface 236 can be 
properly compensated for by placing the optical element 
401 at an appropriate position in the photographing opti- 
cal system and providing the optical element 401 with 
the transmittance distribution for compensation for the 
marginal light amount decrease detennined by the 
zoom condition and the stop condition. Specifically, 
experiments are conducted on the occasion of produc- 
tion of the photographing device 441 to determine the 
marginal light amount decrease data according to each 
of zoom conditions and stop conditions and determine 
the optimum applied voltage to the optical element 401 
for compensation for it. 

[0181] Then the applied voltages according to the 
respective zoom conditions and stop conditions are 
stored in the form of a look-up table in the ROM in the 
CPU 442 and the applied voltage to the optical element 
401 Is controlled by reading a value from the table dur- 
ing photography. 

[0182] Fig. 1 6 is a control flowchart of the CPU 442 
In the photographing device 441 illustrated in Fig. 17. 
[0183] The control flow of the photographing device 
441 Will be described below referring to Fig. 17 and Rg. 
18. 

[0184] Through step S401, the CPU goes to step 
S402 to detemiine while the photographer switches the 
main switch on. While the main switch is off, the CPU 
stays at step S402. 

[0186] When it is detemnined in step S402 thait the 
main switch becomes on, the CPU 442 leaves the sleep 
state to execute the processes in and after step S403. 
[0186] In step S403 the CPU accepts the photo- 
graphing conditions set by the photographer. Specifi- 
cally, the photographer sets the exposure control mode 
(shutter priority AE, program AE, etc.), the autofccus 
mode (one shot AF, continuous AF, etc.), the drive mode 
{single shot, continuous shots, etc.) and so on by use of 
the monitor 251 and the control switches 252. 
[0167] In step S404 it is determined whether the 
photographer switches the photograph preparation 
switch (Indicated by SW1 In the flowchart) on. While the 
photograph preparation switch is off, the CPU goes 
back to step S403 to accept the setting of the photo- 
graphing conditions repeatedly. Once it is determined in 
step S404 that the photograph preparation switeh 
becomes on, the CPU leaves step S404 to execute the 
processes in and after step S41 1. 
[0188] In step S41 1 the CPU determines the zoom 
condition of the photographing optical system 430. 
[0189] In step S412 the object luminance is 
detected by the photometry means 256. In step S413 
the CPU calculates the shutter speed and aperture 
upon photography, based on the object luminance 
detected and the program chart stored in the ROM. 
[0190) In step S414, the CPU reads the voltage to 


be.appjied to the optical element 401 out of the look-up 
table stored In the ROM, based on the zoom condition of 
the photographing optical system 430 determined in 
step S41 1 above and the aperture upon photography 

5 computed in step S41 3. 

[0191] In step S415, the voltage thus read in step 
S414 above is supplied from the power supply means 
144 to the optical element 401 . As a result, compensa- 
tion is effected for the marginal li^t amount decrease of 

10 the photographing optical system 430. 

[0192] in step S41 6 the focus condition of the pho- 
tographing optical system 430 is detected by the focus 
detector 154. 

[0193] In next step S41 7, the CPU makes the focus 
IS driver 155 move the first lens unit 431 back and forth in 
the optical-axis directions to perform the focusing oper- 
ation. After that, the CPU goes to step S418 to deter- 
mine whether the photograph switch (indicated by SW2 
in the flowchart) is switched on. While the photograph 
20 switch is off, the CPU goes back to step S41 1 to carry 
out the steps from the zoom condition detemiinatlon to 
the focusing repeatedly. 

[01941 When the photographer switches the photo- 
graph switch on during the repetitive execution of the' 
25 photograph preparation operation as described above, 
the CPU jumps from step S418 to step S431. In step 
S431 the quick return mirror 427 is retracted out of the 
photograph light. 

[0195] In step S432 the stop 434 is controlled 
30 based on the aperture calculated in step S41 3. 

[D196] In step S433, the focal-plane shutter 425 Is 
actuated and controlled, based on the shutter speed 
calculated in step S41 3. In step S434, the quick return 
mirror 247 is returned into the photograph light and the 
35 stop 434 is also returned into the open state. 

[0197] In step S435 the charger 245 is actuated to 
charge the fdcaJ'plane shutter 235 Into the Initial state 
(wing-movable state) and the film 236 Is wound up by 
one frame. The photographing operation is complete in 
40 step S436, 

[0198] Embodiment 4 described above can realize 
the optical element or the photographing apparatus that 
can present the excellent effects In the following points. 

45 • The present embodiment can provide the transmit- 
tance-distribution-varlable filter that can Implement 
the transmittance distributkin in which the transmit- 
tance gradually increases with increase In the inci- 
dent height of the incident light to the optk:al 

50 element and that can control the transmittance dis- 
tribution to a desired proiflle by controlling the 
applied voltage to the optbal element. 
• The present embodiment can provide the photo- 
graphing apparatus that can capture a high-quality 

55 image while decreasing the marginal light amount 
decrease of the photographing optical system, by 
placing the optical element at the predetennined 
position of the photographing optical system. 
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[0199] As described above, Embodiments 1 to 4 
can provide the optical elements capable of efficiently 
and freely varying the transmittance of Incident light by 
making use of the electrowetting phenomenon, without 
use of the mechanical structure, and can realize the 
optical elements or the photographing apparatus In the 
compact and simple structure and in the different meth- 
ods from those of the conventional elements and appa- 
ratus. 

[0200] Next, embodiments of the optical switch 
capable of changing the optical path (traveling direction] 
of incident light will be described below, tnjt it Is noted 
that the present invention is by no means Intended to be 
limited to these embodiments. 

[Embodiment 5] 

[0201 1 Rgs. 1 9A and 1 9B are cross-sectional views 
of the optical switch in Embodiment 5 of the present 
invention. 

[0202] In the figures, the optical switch of the 
present embodiment is composed of a first prism 1 1 as 
a support, a second prism 12, a transparent, electro- 

condLCtive electrode 13 as a first electrode, an insilat- 
ing layer 14. a first liquid 15 and an electrolyte solution 
16 as an eleclroconductive, second liquid, the liquids 
being confined in a sealed space created between the 
prisms 11 and 12, and an opposed electrode 17 as a 
second electrode. 

[0203] The prisms 11,12 made of an optical mate- 
rial having the refractive index np are rectangular prisms 
and the electrode 13 Is the transparent, electroconduc- 
tlve electrode of iTO or the lil<e fbmried on the prism 11, 
for example, by sputtering or by the Electron Ream 
method. 

[0204] The transparent insulating layer 1 4 is formed 
in the thicl<ness of about 20 urn on the electrode 1 3 by 
dropping the replica resin (model number COOl availa- 
ble from Dai Nippon Printing Co., Ltd.) onto the trans- 
parent, electroconductlve electrode 13, pressing a glass 
sheet thereonto, and thereafter exposing It to UV light 
forfifteert minutes. 

[0205] The refractive indexes of the transparent, 
electroconductlve electrode 13 and the insulating layer 
1 4 are desirably equal to that np of the prisms 1 1 and 
12. 

[0206] The first liquid 15 of silicone oil TSF437 
(available from Toshiba Silicones Co., Ltd.) and the 
electrolyte solution 16 of NaCI aqueous solution (3.0 
wt%) the specific gravity of which is adjusted to be sub- 
stantially equal to that of the first liquid 15 are confined 
between the prism 1 1 with the transparent, conductive 
electrode 1 3 and the insulating layer 1 4 fonned thereon, 
and the prism 12. The specific gravity of the electrolyte 
solution 16 is preferably equal tothat of the first liquid 15 
within the scope of ±1 0%, and the equality in this range 
is regarded as "substantially equal" in the present spec- 
ification. The contribution of the gravity to the shape of 


the interface between the two liquids can be eliminated 
by equalizing the specific gravities of the first liquid 15 
and the electrolyte solution 1 6 as described above. 
[0207] It is necessary to pay attention to avoiding 

5 contact between the first liquid ISandtheprism 12dur- 
ing the confining operation of the first liquid 15 and the 
electrolyte solution 16 between the prisms 11 and 12. 
For preventing leakage of the first liquid 15 and the elec- 
trolyte solution 16 thus confined, the space between the 

10 prisms il and 1 2 is sealed by the opposed electrode 1 7 
and the sealant 18 such as a glass sheet or the like. 
[020S] The refractive Index n^^ of the electrolyte 
solution 16 is desirably set to satisfy the condition of 
total reflection against the refractive index np of the 

IS prisms 11, 12 (np » r\fl). 

[0209] The first liquid 15 is a liquid immiscible with 
the electrolyte solution 16; e.g., silicone oil or the like, 
and the refractive index ng of the first liquid 15 Is desir- 
ably substantially equal to that np of the prisms 11,12 

20 (np m ne). 

[0210] In the stats of V = 0 where no voltage is 
applied to the electrolyte solution 16, i.e., where no volt- 
age is placed between the transparent, conductive elec- 
trode 13 and the opposed electrode 17 of nickel (Rg. 

25 19A), only the electrolyte solution 16 is in contact with 
the prism 12. and the refractive index of the electro- 
lyte solution 16 and the refractive index np of the prism 
12 satisfy the condition of total reflection. Therefore, Ihe 
incident light is totally reflected at the interface between 

30 the prism 1 2 and the electrolyte solution 1 6. 

[0211] When a voltage is placed between the trans- 
parent, conductive electrode 13 and the opposed elec- 
trode 17 of nickel (Fig. 19B), i.e., when V = Vq, the 
interfacial tension varies between the first liquid 15 and 

35 the electrolyte solution 1 6 to deform the interface, and 
the first liquid 15 goes into contact with the prism 12. 
Since the refractive index of the first liquid 1 5 is equal 
to that np of the prism 1 1 and the prism 1 2, the incident 
light travels through them. On this occasion, the volume 

40 of the first liquid 15 is always constant, independent of 
the voltage applied to the two electrodes. 
[0212] The prisms 11, 12 are the rectangular 
prisms and are made of a material selected from 
glasses or plastics such as polytetrafluoroethylene, 

45 polycarbonate, and acrylic resin. The indexes of the 
transparent, conductive electrode 13 and the insulating 
layer 1 4 are desirably equal to that np of the prisms 1 1 
and 12. The transparent, conductive electrode 13 can 
be made of a conductive, transparent material, such as 

50 ITO, tin oxide, or the like. The Insulating layer 1 4 can be 
a layer of acrylic resin formed by the replkia method, or 
a layer of polytetrafluoroethylene or another fluorine- 
treated polymer deposited by sputtering or by chemical 
vapor deposition. The electrolyte solution 16 confined 

55 between the prisms 11,12 can be an aqueous solution 
of an electrolyte such as NaCl. Na2S04, or the like, or a 
polar liquid such as water, alcohol, acetone, formamlde, 
or ethylene glycol, or a mixture Of either of such polar 
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liquids witii another appropriate liquid. - ■ 

[0213] The refractive Index of the electrolyte 
solution 16 is desirably set to satisfy the condition of 
total reflection against that np of the prisms 11,12. 
[0214] The first liquid 1 5 is the liquid immiscible with 
the electrolyte solution 1 6, for example, like silicone oil. 
The opposed electrode 17 can be made of a material 
selected from gold, platinum, stainless steel, nickel, sil- 
ver, and indium/tin oxide and can be fomied In the flat- 
plate or rodlike shape as long as it is In contact with the 
electrolyte solution 16. The sealant 1 B can be made of 
a material selected from glasses, acrylic resin, and met- 
als and can be formed in the flat-plate, circular, or rod- 
like shape as long as it can seal the space between the 

[0215] In Figs. 19A and 19B one opening of the 
space is sealed by the opposed electrode 17 while the 
other opening by the sealant 1 8 of a glass sheet, but the 
both openings may also be sealed by the glass sheet. 
[0216] Embodimerrt 5 is the optical switch for 
switching the optfcal path on the side of the first prism 
1 1 , whereas a modification of Embodiment 5 can be an 
optical switch for sw'tching the optcal path on the sec- 
ond prism side. In the modification, the first prism is not 
a transparent body but an opaque body with a light- 
absofbing property. When the voltage is placed 
between the transparent, conductive electrode and the 
opposed electrode 1 7 to bring the first liquid 15 into con- 
tact with the prism 12, the incident light becomes 
atisorbed by the first prism, so that the light is not trans- 
mitted by the first prism. 

[Embodiment 6] 


[0217] Figs. 20A to 20C are cross-sectional views 
of the optical swHch in Embodiment 6 of the present 

invention. 

[0218] In the figures, the optical switch of the 
present embodiment Is composed of first and second 
substrates 21, 22, a transparent, electroconductive 
electrode 23 as a first electrode, an insulating layer 24, 
a first Itejuld 25 and an electrolyte solution 26 as a sec- 
ond liquid, the two Ik^uids being confined between the 
substrates 21 and 22, and an opposed electrode 27. 
t021 9] The substrates 21 , 22 are made of an optical 
material having the refractive index np and the elec- 
trode 23 is a transparent, electroconductive electrode of 
ITO orthe like formed on the substrate 21 , for example, 
by sputtering or by the Electron Beam method. 
{0220] The transparent insulating layer 24 is formed 
In the thickness of about 20 on the electrode 23 by 
dropping the replica resin (model number C001 availa- 
ble from Dai Nippon Printing Co., Ltd.) onto the trans- 
parent, conductive electrode 23, pressing a glass sheet 
thereonto, and thereafter exposing it to UV light for fif- 
teen minutes. 

[0221] The refractive Indexes of the transparent, 
conductive electrode 23 and the insulating layer 24 are 


desirably equal to that np of the substrates 21 and 22. 
[0222] The first liquid 25 of silicone oil TSF437 
(available from Toshiba Silicones Co., Ltd.) and the 
electrolyte solution 26 of NaCI aqueous solution (3.0 

5 vrt%) adjusted so that the specific gravity thereof is sub- 
stantially equal to that of the first liquid 25 are confined 
between the substrate 21 with the transparent, conduc- 
tive electrode 23 and the insulating layer 24 fomied 
tiiereon, and the substrate 22. It is necessary to pay 

10 attention to avoiding contact between the first liquid 25 
and the substrate 22 on the occasion of confining the 
first liquid 25 and the electrolyte solution 26. The space 
between the substrates 21 , 22 is sealed by the sealant 
2B of the glass sheet orthe like in order to avoid leakage 

15 of the first liquid 25 and the electrolyte solution 26 thus 
confined. 

[0223] The first liquid 25 is the liquid immiscible with 
the electrolyte solution 26, e.g., like silicone oil. 
[0224] The refractive index Hb of the electrolyte 
20 solution 26 is desirably equal to that np of the substrates 
21,22(np^nB). 

[0225] In the state of V = 0 (V) where no voltage is 
placed between the transparent, conductive electrode 
23 and the opposed electrode 27 of nickel (Fig. 20A), 

25 the electrolyte solution 26 is in contact with the sub- 
strate 22. The refractive index of. the first liquid 25 is 
1.49, and the refractive index of the electrolyte solution 
36 is 1 .34. Therefore, the incident light passing through 
a slit 29a of a slit sheet 29 is refracted at the Interface 

3D between the first liquid 25 and the electrolyte sol utlon 26 
to ifbach a photo receptive portion 20a on a photorecep- 
tive sensor substrate 20. 

[0226] When a voltage is placed between the trans- 
parent, conductive electrode 23 and the opposed elec- 

35 trade 27 of rickel (Fig. 20B), i.e., when V = VI, the 
interfacial tension varies between the first liquid 25 and 
the electrolyte solution 26, and thus the shape of the 
interface Is altered between the first liquid 25 and the 
electrolyte solution 26, so as to decrease the radius of 

40 curvature of the electrolyte solution 26. Therefore, the 
Incident light is refracted at a larger angle to reach a 
photoreceptlve portion 20b. 

[0227] When a further higher voltage is applied 
(Fig. 20C), i.e., when V = V2, the first liquid 25 goes into 
45 contact with the second substrate 22 being the upper 
substrate. Since the refractive index n^ of the first liquid 

25 is equal to that np of the substrates 21 and 22, the 
incident light is not refracted and thus reaches a pho- 
toreceptive portion 20c. 

so [0228] In this way the optical path of light can be 
deflected by controlling the voltage in the present 
embodiment. Here the difference between the refractive 
indexes of the first liquid 25 and the electrolyte solution 

26 is desirably not less than 0.1 in order to achieve the 
55 efficient refraction of incident light. 

[0229] The materials used in Embodiment 6 can be 
the same as in Embodiment 5. 
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[Embodiment 7] 

[0230] Figs. 21 A and 21 B are cross-sectional views 
of the optical switch in Embodiment 7 of the present 
invention. 

[0231] In the figures, the optical switch of the 
present embodiment Is composed of first and second 
sulsstrates 31, 32, a transparent, electroconductlve 
electrode 33, an insulating layer 34, a first liquid 35 and 
an electrolyte solution 36 as a second liquid, the two liq- 
uids being confined between the substrates 31 and 32, 
and an opposed electrode 37. 

[0232] The substrates 31 , 32 are made of an optical 
materia] having the refractive Index rp and microprisms 
are formed in a surface on the liquid chamber side of the 
substrate 32. 

[0233] The electrode 33 is a transparent, electro- 
conductive electrode of ITO or the like formed on the 
substrate 31 , for example, by sputtering or by the Elec- 
tron Beam method. 

[0234] The transparent Insulating layer 34 is formed 
in the thickness of about 20 jim on the electrode 33 by 
dropping the replica resin (model number C001 availa- 
ble from Dai Nippon Printing Co.. Ltd.) onto the trans- 
parent, conductive electrode 33, pressing a glass sheet 
thereonto, and thereafter exposing it to UV light for fif- 
teen minutes. 

[0235] The refractive indexes of the transparent, 
conductive electrode 33 and the insulating layer 34 are 
desirably equal to the refractive index np of the sub- 
strates 31 and 32. 

[0236] The first liquid 35 of siftccne oil TSF437 
(available from Toshiba Silicones Co., Ltd.) and the 
electrolyte solution 36 of NaOl aqueous solution (3.0 
wt%) adjusted so that the specific gravity thereof is 
equal to that of the first liquid 35 are confined between 
the substrate 32, and the substrate 31 with the transpar- 
ent, conductive electrode 33 and the Insulating layer 34 
formed thereon. 

[0237] It Is necessary to pay attention to avoiding 
contact between the first liquid 35 and the prism 32 on 
the occasion of confining the first liquid 35 and the elec- 
trolyte solution 36. In order to avoid leakage of the first 
liquid 35 and the electrolyte solution 36 thus confined, 
the space is sealed between the substrates 31 and 32 
by the sealant 38 of a glass sheet or the like. The first 
liquid 35 is the liquid immiscible with the electrolyte 
solution 36, for example, like silicone oil. The refractive 
index of the first liquid 35 is desirably equal to that np 
of the substrates 31 and 32 (np s up), 
[0238] When no voltage is placed between the 
transparent, conductive electrode 33 and the opposed 
electrode 37 of nfekel (Rg. 21A), i.e., when V = 0 (V), 
the electrolyte solution 36 is in contact with the sut>- 
strate 32 and thus the Incident light is refracted at the 
interface behween the substrate 32 and the electrolyte 
solution 36. The direction of refraction can be controlled 
by changing the pattern of the substrate 32 on the liquid 
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chamber SKle. 

[0239] When a voltage is placed between the trans- 
parent, conductive electrode 33 and the opposed elec- 
trode 37 of nickel (Fig. 21 B), i.e., when V = Vq (V), the 

5 interfacial tension varies between the first liquid 35 and 
the electrolyte solution 36 to alter the shape of the Inter- 
face between the first liquid 35 and the electrolyte solu- 
tion 36, whereby the first liquid 35 goes into contact with 
the substrate 32. At this time, since the refractive index 

w n^ of the first liquid 35 is equal to the refractive Index np 
of the substrates 31 and 32, the Incident light travels 
straight. 

[0240] The materials used in Embodiment 7 can be 
the same as in Embodiment 5. 

ts [0241] Since the optical switches described above 
in Embodiments 5 to 7 do not require any mechanical 
driving mechanism for switching of optical path, the 
devices can be constructed in compact size. Since the 
optical path is changed by making use of the electrowet- 

20 ting phenomenon, the switching of optical path can be 
achieved efficiently. 

Claims 

zs 1. An optical element having a first fluid and a second 
fluid immiscible with each other, which are confined 
in a sealed space created between a first support 
and a second support, said second fluid being elec- 
troconductlve or polar, said optical element being 

30 characterized in that: 

said first fluid and said second fluid have 
respective light transmittances different from 
each other; and, 
35 by varying a voltage applied to said second 

fluid, the shape of an interface between said 
first fluid and said second fluid is altered, so as 
to change an amount of light passing through 
said optical element. 

40 

2. The optical element according to Claim 1 , further 
comprising: 

a first electrode kept in an electrically insulating 
45 state from said second fluid; and 

a second electrode kept in an electrk:ally con- 
ducting state to said second fluid, 
wherein the shape of the interface between 
said first fluid and said second fluid is altered 
50 by varying the voltage applied between said 

first electrode and said second electrode. 

3. The optical element according to either one of 
Claims 1 and 2, wherein the amount of the light 

55 passing through said optical element is changed 
substantially uniformly, independent of positions of 
the light passing through said optical element. 


16 


31 


EP 1 069 450 A2 


The optical element according to either one of 
Claims 1 to 3, further comprising: 


to change an optical path of incident light enter- 
ing said optical element. 


a stop having an aperture of predetermined 
shape, wherein optical path lengths of rays 
passing through the aperture of said stop 
Inside said first liquid and said second fluid are 
sutstantiatly equal to each other, independent 
of positions of the rays passing through said 
aperture. 

5. The optical element according to either one of 
Claims 1 and 2, wherein the amount of the light 
passing through said optical element is changed in 
a desired distribution according to positions of the 
light passing through said optical element. 

6. The optical element according to either one of 
Claims 1, 2, and 5, further comprising: 

a stop having an aperture of predetermined 
shape, wherein optical path lengths of rays 
passing through the aperture of said stop 
Inside said first liquid and said second fluid dif- 
fer depending upon positions of the nays pass- 
ing through said aperture. 

7. The optical element according to either one of 
Claims 1 to 6, wherein said first fluid is placed on a 
substrate having the water-repellent property. 

8. The optical element according to either one of 
Claims 1 to 7, wherein at least one of said first and 
second fluids has the light absorbing property. 

9. The optical element according to either one of 
Claims 1 to 8, wherein specific gravities of said first 
fluid and said second fluid are substantially equal to 
each other. 

10. An optica) device characterized by comprising: 

an optical system for guiding light from an 
object to a predetermined position; and 
an optical element according to any preceding 
claim for changing an amount of light passing 
through said optical system. 

11 . An optical element having a first fluid and a second 
fluid Immiscible with each other, which are confined 
In a sealed space created between a first support 
and a second support, said second fluid being elec- 
troconductive or polar, said optical element being 
characterized in that: 

Isy varying a voltage applied to said second 
fluid, the shape of an interface between said 
first fluid and said second fluid Is altered, so as 


12. The optical element according to Claim 11, further 
comprising: 

a first electrode kept in an electrically insulated 
state from said second fluid; and 
a second electrode Kept in an electrically con- 
ducting state to said second fluid, 
wDereIn the shape of the interface between 
said first fluid and said second fluid is altered 
by varying the voltage applied between said 
first electrode and said second electrode. 

13. The optical element according to either one of 
Claims 11 and 12, wherein said first fluid, which Is 
spaced through said setond fluid from said second 
support in a state in which no voltage is applied to 
said second fluid, is brought into contact with s^d 
second support by applying the voltage to said sec- 
ond fluid, whereby the reflectance is varied at an 
interface between said second support and said 
sealed space, so as to change the optical path of 
the incident light entering said second support. 

14. The optical element according to either one of 
Claims 11 to 13, wherein a difference between a 
refractive index of said second fluid and a refractive 
index of said second support satisfies the total 

' reflection condition for said incident light 

15. The optical element according to either one of 
Claims 11 to 14, wherein said first support Is an 
opaque body having the light absorbing property. 

16. The optical element according to either one of 
Claims 1 1 and 12, wherein said first fluid, which Is 
spaced through said second fluid from said second 
support in a state in which no voltage is applied to 
said second fluid, is brought Into contact with said 
second support by applying the voltage to said sec- 
ond Duid, whereby s^d Incident light is made to 
travel straight through the optical element. 

17. The optical element according to either one of 
Claims 1 1 and 12, wherein microprisms are fomned 
at predetermined pitches on the said space side of 
said second support and wherein said first fluid, 
which Is ^aced through said second fluid from said 
microprisms in a state in which no voltage Is applied 
to said second fluid, is brought into contact with 
said microprisms by applying the voltage to said 
second fluid, whereby said incident light is made to 
travel straight through the optical element. 

18. The optical element according to either one of 
Claims 1 1 to 1 7, wherein specific gravities of said 
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first fluid and said second fluid are substantiaily 

equal to each otiner. 

19. The opticai element according to either one of 
Claims 1 1 to 1 8, wherein said second support and 
said first fluid have respective indexes of refraction 
substantially equal to each other. 

20. The optical element according to either one of 
Claims 11 and 12, wherein a difference between 
refractive indexes of said first fluid and said second 
fluid is not less than 0.1 . 

21. An optical device characterised by comprising: 

an optical system for guiding light from an 
object to a predetermined position; aid 
an optical element, according to any preceding 
claim 11-20, for changing an amount of light 
passing through said optical system. 
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